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ABSTRACT 
 
Development wells production forecasts made pre-production are frequently found to be significantly 
different from the actual well performance. One reason is the scarce data available from Exploration and 
Appraisal (E&A) wells (mainly DST) when predicting production wells performances. Besides, whereas 
most E&A wells are vertical or slightly slanted, development wells tend to be either highly deviated or 
horizontal. 
Inflow performance relationship (IPR) is one of the significant components to quantify a reservoir’s 
productivity. IPR relates the hydrocarbon flow rate to the pressure difference between the reservoir and 
the flowing well. Much work has already been done on developing IPR models to suit specific conditions. 
Conventional test to yield IPR curves require the well to be flown for four flow-periods, which can prove 
both time consuming and expensive. One solution to eliminate the need for multi-point test is the 
development of dimensionless IPR curves, by using data from a single build-up or drawdown. 
This project’s purpose is to investigate the potential relationship between E&A and development wells 
performances, through the use of dimensionless IPR curves, in order to improve the production well 
performance prediction based on E&A wells results. Besides, this study will focus on gas fields in the UK 
Southern North Sea area (SNS). This paper proposes to study an analytical IPR model for horizontal gas 
wells developed by Economides (Economides et al., 1999). Then, a dimensionless IPR curve was 
developed based on this analytical model, and compared to actual deliverability curves for three SNS gas 
fields. Finally, running sensitivities allowed us to determine the key parameters driving the horizontal 
well productivity. 
The results show that vertical permeability anisotropy is a main driver into determining a horizontal 
gas well deliverability. When comparing the dimensionless IPR curves with the IPRs generated from 
conventional back-pressure test on two producing fields, there was an average error of less than 9%. The 
AOFP values were within 4% of each other. Therefore, this dimensionless IPR model can be used as a 
quick and simple tool to predict horizontal gas well performance, with the only data required from E&A 
wells being rock and fluids properties derived from the DST analysis. 
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Abstract 
Development wells production forecasts made pre-production are frequently found to be significantly different from the actu-
al well performance. One reason is the scarce data available from Exploration and Appraisal (E&A) wells (mainly DST) 
when predicting production wells performances. Besides, whereas most E&A wells are vertical or slightly slanted, develop-
ment wells tend to be either highly deviated or horizontal. 
Inflow performance relationship (IPR) is one of the significant components to quantify a reservoir’s productivity. IPR 
relates the hydrocarbon flow rate to the pressure difference between the reservoir and the flowing well. Much work has 
already been done on developing IPR models to suit specific conditions. Conventional test to yield IPR curves require the 
well to be flown for four flow-periods, which can prove both time consuming and expensive. One solution to eliminate the 
need for multi-point test is the development of dimensionless IPR curves, by using data from a single build-up or drawdown. 
This project’s purpose is to investigate the potential relationship between E&A and development wells performances, 
through the use of dimensionless IPR curves, in order to improve the production well performance prediction based on E&A 
wells results. Besides, this studywill focus on gas fields in the UK Southern North Sea area (SNS). This paper proposes to 
study an analytical IPR model for horizontal gas wells developed by Economides (Economides et al., 1999). Then, a 
dimensionless IPR curve was developed based on this analytical model, and compared to actual deliverability curves for three 
SNS gas fields. Finally, running sensitivities allowed us to determine the key parameters driving the horizontal well 
productivity. 
The results show that vertical permeability anisotropy is a main driver into determining a horizontal gas well 
deliverability. When comparing the dimensionless IPR curves with the IPRs generated from conventional back-pressure test 
on two producing fields, there was an average error of less than 9%. The AOFP values were within 4% of each other. 
Therefore, this dimensionless IPR model can be used as a quick and simple tool to predict horizontal gas well performance, 
with the only data required from E&A wells being rock and fluids properties derived from the DST analysis. 
 
Introduction 
Well productivity (i.e. the theoretical production rate that can be achieved) is a combination of two main components: the 
IPR, which describes the reservoir capability to produce hydrocarbons as a response to a bottom-hole pressure difference; and 
the Vertical Lift Performance (VLP), or outflow performance, which reflects the production tubing capability to lift produced 
fluids to the surface.  
The main outflow performance drivers are the production tubing design from bottom-hole to surface facilities, and the 
fluid characteristics. Although it must be determined in order to predict a theoretical well flow rate, this is out of the scope for 
this study. Hence, we shall focus on the reservoir inflow performance. Consequently, though we shall mention well 
deliverability throughout this paper by sake of clarity, it might be more appropriate to speak about reservoir deliverability 
instead since the outflow performance component will not be studied here. 
One of the several key aspects of field development planning is to forecast development wells deliverability pre-
production accurately. However, once the well has been brought on stream, it is frequently found that the actual production is 
significantly different from the previously estimated one.  
There are numerous reasons to explain that; among them is the scarce data available from the Exploration and Appraisal 
(E&A) wells, when it comes to forecast development well productivity. Besides, whereas E&A wells tend to be either 
vertical or slightly slanted, production wells are likely to be highly deviated or horizontal to optimise the well-reservoir 
interface. Poor horizontal well production predictions will adversely affect the project’s development, and may lead to sub-
optimal investment decisions. It has been showed (Beliveau, 1995) and (Levitan et al., 2001) that although ‘predictive 
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models’ appear rather accurate when averaged over a large number of wells, the typical error in production forecast for any 
individual horizontal well is more than 50%. Performance of horizontal wells depends on many factors, most of these being 
usually unknown. Even once the horizontal well has been drilled and put on-stream, the majority of these parameters 
affecting the well productivity remain beyond our capability to control or measure (Levitan et al., 2001). Thus, there is a 
requirement for a reliable tool to predict horizontal well deliverability with a reasonable accuracy. 
One such method is gas well deliverability testing. Conventionally, deliverability testing of a producing gas well is 
accomplished using a multi-point backpressure test (Rawlins and Schellhardt, 1936), an isochronal test (Cullender, 1955), or 
a modified isochronal test (Katz et al., 1959). Although these methods do yield accurate deliverability predictions, they all 
need to achieve four flow periods, with at least one to stabilisation (all four for the backpressure test), which can be time-
consuming for a low-permeability reservoir, and may result in substantial cost increases for offshore operations.  
A few methods have been set up to extrapolate future well performances with limited data requirement. One consisted in 
determining a notional negative skin factor to express the productivity improvement going from a vertical well to a horizontal 
one (Rogers and Economides, 1996). Another method was to derive an analytical model from vertical well test analysis 
(Bourgeois and Couillens, 1994). Both these methods yield reasonably accurate results, although we sought a more flexible 
method, which could be easily tailored to our specific case. 
An alternative method was developed to eliminate the requirement of having four flow periods: the dimensionless IPR 
curve. This method consists in finding a relationship between dimensionless pressure (or pseudo-pressure), defined as the 
flowing well pressure over the average reservoir pressure, and the dimensionless flow rate, i.e. current flow rate over the 
absolute open flow potential (AOFP, which is the theoretical maximum flow rate for a bottom-hole pressure of 14.7 psia). 
From this relationship, since the AOFP is also identified, it is straightforward to yield the flow-rate for any specific pressure 
drawdown. This dimensionless concept has been adapted to gas reservoirs, for several conditions, such as fractured and 
unfractured wells, vertical and horizontal wells. 
We will then review the existing dimensionless IPR methods and see if they might be suitable for this study. In our case, 
we focus on wells targeting layered sandstones gas reservoirs in the Southern part of the UK North Sea, as we will study 
three fields into more details, predict their IPR curves, and compare them against IPR curves derived from conventional 
deliverability testing for two of them.  
The main characteristic of interest of the SNS fields we will focus on throughout this paper is the poor vertical 
connectivity due to the laminated sandstones reservoir geology (Richardson et al., 1987). As a result, the conventional 
homogenous and isotropic reservoir assumptions cannot be used, otherwise overestimating the horizontal well deliverability. 
 
Previous dimensionless IPR studies 
The dimensionless IPR curve method had first been developed by Vogel (1968) and then modified by Standing (1970) for oil 
wells with gas drive mechanism, before being adapted by Mishra and Caudle (1984) for unfractured, vertical gas wells. The 
solution proposed by Mishra and Caudle for current well deliverability is given by equation (1): 
 
[
𝑞
𝑞𝑚𝑎𝑥
] =   
5
4
 × {1 − 5
[
𝑚(𝑝𝑤𝑓)
𝑚(𝑝𝑟)
−1]
} (1) 
 
Where 𝑞 is the current gas rate, 𝑞𝑚𝑎𝑥  is the AOFP, and 𝑚(𝑝𝑤𝑓) and 𝑚(𝑝𝑟) are the well flowing and average reservoir pseu-
do-pressure, respectively. Besides, the equation to predict future deliverability is given by equation (2): 
 
[
𝑞𝑚𝑎𝑥,𝑓
𝑞𝑚𝑎𝑥
] =   
5
3
 ×  {1 − 0.4
[
𝑚(𝑝𝑟,𝑓)
𝑚(𝑝𝑟)
]
}    (2) 
 
With the f subscript used for 𝑞𝑚𝑎𝑥,𝑓 and m(𝑝𝑟,𝑓) meaning final conditions. 
These results were found generating 𝑞/𝑞𝑚𝑎𝑥  and 𝑚(𝑝𝑤𝑓)/𝑚(𝑝𝑟) groups for a large selection of rock and fluid properties, 
and then finding the best fit curve. Although this method yields reliable results for vertical gas wells, it is limited to 
unfractured wells. Later on, through a similar process, Chase (Chase, 1987 and Chase et al., 2001) was able to propose a 
solution to predict gas wells deliverability for fractured reservoir, introducing the 𝑋𝑒 𝑋𝑓⁄  ratio, with 𝑋𝑒 the external drainage 
radius, and 𝑋𝑓 radius of uniform flux fracture. 
Most recently, these results were adapted to horizontal gas wells by Chase and Steffy (Chase and Steffy, 2004), de-
riving a new relationship between the 𝑋𝑒 𝑋𝑓⁄  ratio with a horizontal well IPR model, as given in equation (3): 
 
 
𝑋𝑒
𝑋𝑓
=  
0.37𝑎 [ 1 + √1 − (
𝐿
2𝑎)
2 (
ℎ
2𝑟𝑤
)
ℎ
𝐿
(𝐿 2⁄ )
  
(3) 
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With L the horizontal well section, h the net reservoir thickness, 𝑟𝑤 the wellbore radius, and a the half-axis of the drainage 
ellipse around a horizontal well, given by equation (4): 
 
𝑎 = (
𝐿
2
) [0.5 + √0.25 + (2𝑟𝑒 𝐿)⁄
4]0.5   (4) 
 
With 𝑟𝑒  the external drainage radius. 
Although all the above methods were able to yield reliable and accurate results when compared against results from 
conventional backpressure testing, one core assumption makes them not suitable for our study. These dimensionless IPR 
curves solutions all assume full permeability isotropy within the reservoir. As we focus on the SNS area, where most gas 
reservoirs lie within laminated sandstones formations with poor vertical connectivity, this assumption would surely 
overestimate reservoir inflow performances. This permeability anisotropy is usually quantified with the 𝑘𝑉 𝑘𝐻⁄  ratio, i.e. the 
ratio of the vertical permeability over the horizontal one. This property is also quantified through the vertical permeability 
anisotropy index 𝐼𝑎𝑛𝑖 , given by Equation (5): 
𝐼𝑎𝑛𝑖 =  √
𝑘𝐻
𝑘𝑉
=  √
1
(𝑘𝑉 𝑘𝐻⁄ )
    (5) 
 
Objectives of this study 
The purpose of this study is to find a suitable method to predict a horizontal gas well deliverability, using data yielded from 
vertical well DST analysis, and taking into account vertical permeability anisotropy. The proposed option is to expand upon 
the work previously done on dimensionless IPR curves to propose a reliable method to be applied across the SNS area.  
First, we will use an analytical IPR model for horizontal gas well and check the properties impact on Productivity Index 
(PI) and Production Improvement Factor (PIF). Then, dimensionless IPR curves will be developed for each of the three SNS 
fields with DST data is available. The synthetic IPR curves for these three cases will be checked against actual deliverability 
curves. And finally, we will develop a general dimensionless IPR curve that can be applied across the SNS area, and study its 
sensitivities. 
 
Development of horizontal IPR model for gas reservoir 
 
Assumptions 
The main assumptions used throughout this paper are: 
(i) Unfractured reservoir, with vertical permeability anisotropy characterized by the 𝐼𝑎𝑛𝑖  factor.  
(ii) Average reservoir permeability 𝑘 = √𝑘𝐻𝑘𝑉  
(iii) Reservoir is horizontally homogeneous and isotropic, thus 𝑘𝑥 =  𝑘𝑦, and 𝑘𝐻 = √𝑘𝑥𝑘𝑦 = 𝑘𝑥 = 𝑘𝑦. 
(iv) Stabilised conditions prevail, thus pseudo-steady state equations can be used to describe gas flow within the 
reservoir. This undoubtedly brings some error/uncertainty as most of the input data come from pressure transi-
ent analysis. 
(v) Non-Darcy (or turbulent) flow effects are characterised by the constant D, and a rate dependant skin Dq (Swift, 
1962). 
Horizontal well analytical IPR model 
Numerous analytical IPR models have been developed to characterise reservoirs inflow potential for horizontal wells. The 
most widely used solution is the one proposed by Joshi (Joshi, 1988) for oil wells in steady state condition, and given by 
equation (6): 
 𝑞𝑜 =
2π 𝑘 ℎ 𝛥𝑝 
?̅? 𝐵𝑜{ ln[
𝑎+√ 𝑎2−(𝐿 2⁄ )2
(𝐿 2⁄ )
]+
𝐼𝑎𝑛𝑖 ℎ
𝐿
 ln( 
𝐼𝑎𝑛𝑖 ℎ
2𝑟𝑤
 )+𝑠}
  
(6) 
 
For L > Iani h. 
With 𝑘  the average reservoir permeability, 𝛥𝑝 the sandface pressure drawdown, ?̅? the fluid viscosity at average reservoir 
conditions, 𝐵𝑜 the oil formation volume factor, s the skin factor and Dq the rate dependent skin. 
From the horizontal well IPR solution derived by Joshi, we can see that the smaller is the permeability anisotropy index Iani, 
the larger is the inflow performance of the well. 
Economides (Economides, et al., 1991) proposed an adapted version of Joshi’s IPR model for horizontal gas reservoirs, 
accounting for permeability anisotropy through an equivalent wellbore radius 𝑟𝑤𝑒𝑞 and equivalent net reservoir thickness ℎ𝑒𝑞, 
given by equations (7) and (8) respectively: 
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𝑟𝑤𝑒𝑞 =  
𝑟𝑤
2
[ √
𝑘𝐻
𝑘𝑉
4
 +  √
𝑘𝑉
𝑘𝐻
4
 ] =  
𝑟𝑤(𝐼𝑎𝑛𝑖 + 1)
2 √𝐼𝑎𝑛𝑖
 (7) 
  
ℎ𝑒𝑞 =  ℎ √𝐼𝑎𝑛𝑖  (8) 
 
Modifying the numerical factor to convert the rate from bbl/day to Mscf/day, Economides IPR model for a horizontal gas 
well is given by equation (9), that we need to solve in order to derive 𝑞𝑔: 
 
𝑞𝑔 =
703 × 10−6 𝑘 ℎ [(𝑝𝑟)
2 −  (𝑝𝑤𝑓)
2
]
?̅? 𝑍 ̅𝑇{ ln [
𝑎 + √ 𝑎2 − (𝐿 2⁄ )2
𝐿 2⁄
] +
𝐼𝑎𝑛𝑖 ℎ
𝐿  [ln (
𝐼𝑎𝑛𝑖 ℎ
𝑟𝑤  (𝐼𝑎𝑛𝑖 + 1)
 )] + 𝑠 + 𝐷𝑞𝑔}
  
(9) 
 
With 𝑍 ̅the gas deviation factor, and T the reservoir temperature, both at average reservoir conditions. 
Then, as the reservoirs we are studying here have an average pressure above 2,100 psia, we will consider real gas pseudo-
pressures instead of pressure-squared values. It is admitted that below this 2,100 psia threshold, pressure-squared values can 
be substituted for pseudo-pressures with a negligible loss of accuracy (Chase, 2001). However, above this threshold, peuso-
pressure values are usually used as they provide the most accurate results compared to pressure and pressure-squared results 
(Chase. 2001). 
Hence, we introduce the pseudo-pressure expression developed by Al-Hussainy (Al-Hussainy et al., 1966), and given by 
equation (10): 
𝑚(𝑝) = 2 ∫
𝑝
𝜇(𝑝)𝑍(𝑝)
 𝑑𝑝
𝑝
𝑝0
 (10) 
 
Finally, we have the final horizontal gas IPR model expression, given by equation (11): 
 
𝑞𝑔 =
703 × 10−6 𝑘 ℎ [𝑚(𝑝𝑟) −  𝑚(𝑝𝑤𝑓)]
?̅? 𝑍 ̅𝑇{ ln [
𝑎 + √ 𝑎2 − (𝐿 2⁄ )2
𝐿 2⁄
] +
𝐼𝑎𝑛𝑖 ℎ
𝐿  [ln (
𝐼𝑎𝑛𝑖 ℎ
𝑟𝑤  (𝐼𝑎𝑛𝑖 + 1)
 )] + 𝑠 + 𝐷𝑞𝑔}
 
(11) 
 
Production Improvement Factor 
The common PI definition is given by equation (12): 
 
𝑃𝐼 =  
𝑞
𝛥𝑚(𝑝)
    (12) 
 
Thus, in our case, the PI for horizontal gas well is derived as from the IPR expression from equation (11), and is given by 
equation (13): 
 
𝑃𝐼ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 =
703 × 10−6 𝑘 ℎ 
?̅? 𝑍 ̅𝑇{ln [
𝑎 + √ 𝑎2 − (𝐿 2⁄ )2
𝐿 2⁄
] +
𝐼𝑎𝑛𝑖 ℎ
𝐿  [ln (
𝐼𝑎𝑛𝑖 ℎ
𝑟𝑤(𝐼𝑎𝑛𝑖 + 1)
 )] + 𝑠 + 𝐷𝑞𝑔}
 
(13) 
 
The PI for vertical gas well in steady state flow conditions is derived from the Aronofsky and Jenkins IPR expression, and 
given by equation (14): 
 
𝑃𝐼𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 =
703 × 10−6 𝑘 ℎ 
?̅? 𝑍 ̅𝑇 ln [ 
𝑟𝑒
𝑟𝑤
+ 𝑆 + 𝐷𝑞]
    (14) 
 
Both PI are expressed in Mscf/(psi.day). 
One key ratio used to compare vertical and horizontal productivity is the Production Improvement Factor (PIF), 
introduced by Beliveau (Beliveau, 1995), and defined as the ratio of the horizontal well PI over the vertical well PI, for the 
same given reservoir, and assuming similar flow conditions: 
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𝑃𝐼𝐹 =
𝑃𝐼ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙
𝑃𝐼𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙
 
 
(15) 
The PIF changes both depending on the reservoir IPR parameters, and also along time with the reservoir depletion. For 
this study, we will focus on well current deliverability.  
As we run sensitivities on the horizontal IPR model on parameters such as the 𝑘𝑉 𝑘𝐻⁄  ratio, net reservoir thickness, hori-
zontal well length, drainage radius and skin factor, we find out that the vertical permeability anisotropy is one key driver of 
well deliverability. Figures (1) to (3) display the evolution of vertical and horizontal PI, and PIF, as we change these parame-
ters. These sensitivities were run using rock and fluid properties from field C. Although taking these parameters from another 
field would slightly change the PI and PIF values, the PI and PIF curves would show the same behaviour.  
A striking result is that assuming reservoir permeability isotropy would yield a PIF of about 14, whereas actual PIF values 
for a 𝑘𝑉 𝑘𝐻⁄  ratio of 0.1 to 0.15 (the upper end of the 𝑘𝑉 𝑘𝐻⁄  ratio values seen in the SNS area) would yield a PIF between 2 
and 5. These latter results compare reasonably with the PIF benchmarked for layered sandstones reservoir (Levitan et al., 
2001). 
The right panel of Figure (1) display a zoom view the PI and PIF curves for 𝑘𝑉 𝑘𝐻⁄  ratio from 0.001 to 0.02. From this 
plot, we can see that the theoretical productivity from a horizontal well would be less than from a vertical well. However, we 
need to moderate this observation, as horizontal well are also used to mitigate specific issues, such as water coning for 
instance. 
 
 
Figure 1: PI and PIF evolution with kV/kH increase 
Figure (2) shows the PI and PIF evolution as a function of net reservoir thickness and horizontal well length. Net pay 
increase does not impact horizontal PI much, which derives from the horizontal IPR expression, where the h parameter is 
weighted by the 𝑘𝑉 𝑘𝐻⁄  ratio, and thus any h increase is much offset. The right panel displays the productivity evolution 
along the horizontal well length increase. We observe a linear correlation between the horizontal PI and the well horizontal 
section. 
 
 
Figure 2: PI and PIF evolution with net pay (left) and horizontal well length (right) increase 
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Finally, Figure (3) shows the PI and PIF evolution as a function of drainage radius and skin factor. The former has a 
rather limited impact, which seems counterintuitive but derives from the horizontal well IPR expression. The skin factor has a 
stronger impact on productivity, although the PIF remains within a narrow range. 
 
 
Figure 3: Figure 2: PI and PIF evolution with drainage radius (left) and skin factor (right) increase 
From these sensitivities, it appears clearly that the permeabilityanisotropy is one key driver for the horizontal well 
deliverability prediction. This influence is counterbalanced with the net reservoir thickness, the horizontal well length and the 
skin factor that also have a great impact on productivity. Figure (1) clearly exhibits that assuming a full vertical permeability 
isotropy would result in overestimating the horizontal well productivity by a large margin. 
 
Dimensionless IPR curve development 
The main objective of this study is to develop a dimensionless IPR curve suitable to predict gas reservoir deliverability 
through horizontal well accurately. The first step to build this dimensionless IPR curve is to solve equation (11) to derive 𝑞𝑔. 
To do so, we use the Houpert deliverability equation given by expression (16), which describes gas flow through the 
reservoir: 
 
𝑚(𝑝𝑟) −  𝑚(𝑝𝑤𝑓) = 𝐴𝑞 + 𝐵𝑞
2 (16) 
 
Combining equations (11) and (16), we can solve this quadratic expression deriving the coefficients A and B given by 
equations (17) and (18) respectively: 
𝐴 =  
?̅? 𝑍 ̅𝑇
703 × 10−6 𝑘 ℎ {ln [
𝑎 + √ 𝑎2 − (𝐿 2⁄ )2
𝐿 2⁄
] +
𝐼𝑎𝑛𝑖 ℎ
𝐿  [ln (
𝐼𝑎𝑛𝑖 ℎ
2𝑟𝑤  (𝐼𝑎𝑛𝑖 + 1)
 )] + 𝑠 + 𝐷}
  
(17) 
  
𝐵 =  
?̅? 𝑍 ̅𝑇
703 × 10−6 𝑘 ℎ 
𝐷 
 
(18) 
Then, we solve equation (16) to yield the rate q, given by equation (19): 
 
𝑞 =  
𝐴2 − √𝐴 + 4𝐵 [𝑚(𝑝𝑟) −  𝑚(𝑝𝑤𝑓)] 
2𝐵
 
(19) 
 
We can then derive the AOFP, which will be referred in the equations throughout this paper as 𝑞𝑚𝑎𝑥: 
 
𝑞𝑚𝑎𝑥 = 𝑞(𝑝𝑤𝑓 = 0 𝑝𝑠𝑖𝑔) =
𝐴2 − √𝐴 + 4𝐵 𝑚(𝑝𝑟) 
2𝐵
 
 
(20) 
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Hence the dimensionless rate can be derived with equation (21): 
𝑞
𝑞𝑚𝑎𝑥
=  
𝐴2 − √𝐴 + 4𝐵 [𝑚(𝑝𝑟) −  𝑚(𝑝𝑤𝑓)] 
𝐴2 − √𝐴 + 4𝐵 𝑚(𝑝𝑟)
 
(21) 
 
We then generate 𝑞 𝑞𝑚𝑎𝑥⁄  results using the reservoir and fluid properties from the three fields A, B, and C, and for 
changing 𝑚(𝑝𝑤𝑓) 𝑚(𝑝𝑟)⁄  values.  
Then, for each case, we implement a pressure difference step in order to have twenty-one points (i.e. for 𝑚(𝑝𝑤𝑓) =
0.05 𝑚(𝑝𝑟), 𝑚(𝑝𝑤𝑓) = 0.1 𝑚(𝑝𝑟), etc. from 0 until 𝑚(𝑝𝑤𝑓) = 𝑚(𝑝𝑟)). 
Next, we want to find a correlation to express 𝑞 𝑞𝑚𝑎𝑥⁄  results as a function of 𝑚(𝑝𝑤𝑓) 𝑚(𝑝𝑟)⁄  using a best-fit curve 
through polynomial regression. Finally, we can plot the polynomial correlation linking dimensionless rate to dimensionless 
pseudo-pressure, and calculate the correlation between the 𝑞 𝑞𝑚𝑎𝑥⁄  and 𝑚(𝑝𝑤𝑓) 𝑚(𝑝𝑟)⁄  value sets. 
Besides, as we can also derive the AOFP value, we are now able to build a synthetic IPR curve linking production rate 
and pressure drawdown.  
 
Results and Discussion 
 
Field specific dimensionless IPR curves results for three SNS fields 
The dimensionless IPR curves for the fields A, B and C have been generated using the fields’ rock and fluids properties. 
These are summarised in Table (1). The rock properties are derived from the DST analysis, while gas viscosity and deviation 
factor are calculated from pressure correlations. These correlations were developed using the gas composition and molar 
fractions 𝑍𝑖  taken from the PVT reports, and then processed into the Schlumberger PVTi software to simulate several flashes 
transformation at different pressures. Then the results were plotted, and using a polynomial regression, we were able to find 
viscosity and gas deviation factor correlations for each field.  
. 
Property Unit Field A Field B Field C 
     
     
𝑘𝐻 mD 22 5.8 41 
𝑘𝐻 𝑘𝑉⁄  No unit 0.07 0.01 0.1 
𝐼𝑎𝑛𝑖  No unit 3.78 10 3.16 
ℎ ft 120 85 72 
𝑇 ˚F 280 250 200 
𝐿 ft 2200 1400 1300 
𝑟𝑒  ft 1800 500 2000 
𝑟𝑤 ft 0.31 0.25 0.354 
𝑠 No unit 5 0 -1 
?̅? cP 0.021 0.029 0.024 
𝑍 ̅ No unit 0.97 1.16 0.99 
𝐷 D/Mscf 0.0005 0.0002 0.00016 
𝑝𝑟 psia 4560 6349 4134 
     
Table 1: Fields A, B and C properties summary 
Using polynomial regressions, we were able to obtain three correlations for fields A, B, and C. The coefficients of 
determination were 0.9986, 0.9994 and 0.9987 respectively, indicating a good correlation between the polynomial 
regressions and the data sets for all three fields. The three fields’ dimensionless IPR curves are showed on Figure (4) and 
show a similar behaviour. Field C displays the best productivity (upper curve), which may result from its higher vertical 
connectivity, among other variables. 
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Figure 4: Field specific dimensionless IPR curves for fields A, B and C 
 
Check against production history 
As we are now able to develop our synthetic IPR curves for these three fields, the next stage is to have these predictions 
checked against actual deliverability curves, from production history. Both fields A and B are on stream, whereas field C is 
still being developed. Therefore, although we have backpressure test results available for fields A and B, we will have to use 
a ‘proxy’ to check field C synthetic IPR curve. We will then use the Petroleum Experts production system analysis software 
‘Prosper’, which allows for much finer modelling than the analytical models we have been using so far in this paper.  
Propser uses the same rock and fluid properties required for our analytical model, although the model it uses for horizontal 
gas well is an expression derived from Joshi’s model (Joshi, 1988). Also, by default, Propser uses Lee and Smith correlations 
for gas viscosity and deviation factor respectively. We will also build Prosper IPR models for fields A and B for sake of con-
sistency.  
The common stabilised deliverability equation to model back-pressure results is given by equation (22): 
 
𝑞 =  𝐶 (𝑝𝑟
2 − 𝑝𝑤𝑓
2)𝑛    
 
(22) 
Where C and n are constants, with the n exponent accounting for the non-Darcy flow effects and usually being comprised 
between 0.5 (turbulent flow) and 1.0 (laminar flow). 
Figures (6) and (7) show how the synthetic IPR curves compare to the production history for fields A and B and to the 
Prosper model for all three fields. Finally, the average absolute error and the error in predicting AOFP values were 
calculated. The average absolute error was calculated using equation (23): 
 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒  𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒  𝑒𝑟𝑟𝑜𝑟 =  
1
𝑁
∑(
𝑁
𝑖=1
𝑃𝑖 − 𝑃𝑖
𝑟𝑒𝑓
𝑃𝑖
𝑟𝑒𝑓
) 
 
(23) 
These results are summarised in Table (2): 
 
Field 
Back-pressure  
deliverability   
Prosper IPR  
estimation 
Backpressure  
deliverability AOFPs 
Proper IPR  
estimation AOFPs 
     
     
A 7.5% 10.5% 3.8% 10.2% 
B 8.4% 8.5% 3.6% 5.3% 
C N.A. 9.5% N.A. 2.6% 
Table 2: Relative errors summary between specific IPR curves and back-pressure deliverability and Prosper IPR estimation 
SPE  9 
Expand dimensionless IPR curve to a general SNS case 
Three dimensionless IPR curves have been developed and checked against IPRs derived from conventional deliverability 
testing. The next step is to expand this study in order to build a dimensionless IPR curve valid across the SNS area. The 
purpose is to find an acceptable balance between robustness (i.e. the ability to predict IPR curves for reservoirs and fluids 
which properties are spread across a wider ranger than the three fields we focused on so far) and accuracy. In order to achieve 
this target, we substitute the fixed rock and fluids properties by probability density functions (PDF) that reflect SNS layered 
sandstones reservoirs characteristics, based on actual data from this play. 
The PDFs and their main characteristics are listed in Table (3). Most of the PDFs are based on lognormal distributions, 
characterised by their mean and standard deviation. However, some parameters are expressed using a discrete uniform PDF 
and are thus defined by their minimum and maximum values. The log-normal distribution was chosen over triangular one as 
the former allows a better capture of the values at the lower end of the spectrum. 
 
Property PDF Cut-off Mean 
(or minimum) 
Standard deviation     
(or maximum) 
     
𝑘𝐻 Lognormal 0 15 10 
𝑘𝐻 𝑘𝑉⁄  Lognormal 0 0.08 0.06 
h Lognormal 10 80 50 
T Discrete uniform - 150 280 
L Lognormal 100 200 600 
𝑟𝑒  Lognormal 50 1200 500 
𝑟𝑤 Discrete uniform - 0.25 0.5 
s Lognormal -2 2 5 
D Lognormal 0 0.0001 0.001 
?̅? Lognormal 0 0.023 0.005 
𝑍 ̅ Lognormal 0 1.1 0.08 
Table 3: Summary of PDF characteristics for SNS gas fields rock and fluids properties  
 
From these PDFs, we generate a set of 200 rock and fluids properties combinations using a spreadsheet with the Oracle 
Crystal Ball Monte Carlo add-in. We then run the dimensionless IPR curve algorithm, and plot the results, as can be seen on   
Figure (5). Finally, we apply a polynomial regression in order to get the best-fit curve, and get Equation (23): 
 
𝑌 = −25.3847𝑋6 + 66.9718𝑋5 − 66.5526𝑋4 + 30.6876𝑋3 − 7.1577𝑋2 + 0.4519𝑋 + 0.9943 
 
(23) 
With 𝑋 =  𝑚(𝑝𝑤𝑓)/𝑚(𝑝𝑟) and 𝑌 =  𝑞/𝑞𝑚𝑎𝑥 
 
Figure 5: General SNS dimensionless IPR curve for 200 runs 
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As a reality check, we use the derived correlation given by equation (26) to build general SNS synthetic IPR curves for 
fields A, B and C, and check how they compare against our previous deliverability curves. The absolute errors are 
summarised in Table (4), and the general SNS synthetic IPR curves are plotted along the other IPRs on Figures (6) and (7). 
 
Field 
Back-pressure  
deliverability   
Prosper IPR  
estimation 
Backpressure  
deliverability AOFPs 
Proper IPR  
estimation AOFPs 
     
     
A 9.1% 12.9% 6.2% 7.9 % 
B 13.7% 12.6% 4.7% 4.2% 
C N.A. 14.1% N.A. 4.2% 
Table 4: Relative errors summary between general IPR curves and back-pressure deliverability and Prosper IPR estimation  
 
 
Figure 6: Fields A (left) and B (right) IPR curves comparison 
 
Figure 7: Field C IPR curves comparison 
 
Sensitivities 
The last part of this study will focus on the impact of several parameters on dimensionless IPR curves. Therefore, we use the 
general dimensionless IPR model designed for the SNS area, and run sensitivities for the following parameters: horizontal 
permeability, vertical permeability anisotropy, net reservoir thickness, horizontal well length and skin factor, while keeping 
the other parameters constant. The values taken are summarised in Table (5). Most of these values are derived from mini-
mum and maximum observed in gas fields within the SNS area to which we applied a 10% margin. The minimum skin has 
been chosen  to be -2, since although these fields are not stimulated, they may encounter natural fractures that yield a slightly 
negative skin factor (assuming the mechanical skin is negligible). The other parameters, that remain fixed, are based on rock 
and fluid properties for field C. 
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Property Unit Value 1 Value 2 Value 3 Value 4 
      
      
𝑘𝐻 mD 1 10 25 50 
𝑘𝑉 𝑘𝐻⁄  No unit 1 0.1 0.01 0.005 
ℎ Ft 50 80 120 150 
𝐿 Ft 500 1500 2500 3500 
𝑠 No unit -2 0 3 10 
Table 5: Properties summary for sensitivity analysis 
Figures (8) to (10) show the results. As expected the reservoir inflow performances increase along with horizontal 
permeability, vertical connectivity, net reservoir thickness and horizontal well length. And it decreases while the skin factor 
increases.  
 
 
Figure 8: kH (left) and kV/kH (right) ratio sensitivities on general SNS dimensionless IPR curve 
 
 
Figure 9: Net pay (left) and horizontal well length (right) sensitivities on general SNS dimensionless IPR curve 
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Figure 10: Skin factor sensitivities on general SNS dimensionless IPR curve 
Discussion of results 
The observed error range is similar to what is commonly seen for production prediction using dimensionless IPR curves 
(Trick et al., 2002, Al-Attar and Al-Zuhair, 2008, and Kalantarias et al., 2013), and therefore the dimensionless IPR method 
was able to predict horizontal well deliverability with an acceptable accuracy for a simple analytical prediction model.  This 
method is not meant to compete with detailed system performance simulation or grid simulation software. However, when 
the method was implemented with specific field rock and reservoirs properties, the synthetic IPR curves were within 8% of 
the actual deliverability curve obtained with back-pressure testing. It must be stressed that, although backpressure testing do 
usually yield reliable results, there is still some uncertainty associated with this method. Unfortunately, the available produc-
tion history data for fields A and B did not allow performing isochronal or modified isochronal tests, as those require flowing 
well and shut-in periods of identical duration. Besides, as field C is not on-stream yet, we had to use production system anal-
ysis software (Petroleum Experts Prosper) to obtain a template against which we could compare the synthetic IPR curve. We 
expanded the Prosper models to fields A and B for consistency. Overall, the average absolute error between field specific 
synthetic IPR curves and deliverability curves derived from Prosper models stands at 10%.  
One drawback with these dimensionless IPR curves is their tendency to underestimate reservoir inflow performance by 
approximately 5% to 10% across most of the IPR curve, and even by more than 10% for sandface backpressure close to the 
average reservoir pressure, which is substantial. Also, the AOFPs forecasted with dimensionless IPR method tend to be 
slightly overestimated with an average absolute error around 4%. Both these issues are already known and documented in 
papers discussing dimensionless IPR curves accuracy (Trick et al., 2002), and (Kalantarias et al., 2013). 
Then, the development of a general dimensionless IPR curve valid for the SNS area did compare reasonably well when 
checked against the three fields actual data. As one would expect, the synthetic IPR correlation developed with a wider range 
of rock and fluid properties mean that we lose a few additional percentage points when comparing these results to 
deliverability curve generated from actual production data. Although the accuracy drops with the average absolute error 
increasing from 9% to 12%, this general dimensionless IPR curve is still able to give a sense check to reservoir engineers. 
Besides, this study shows some sensitivities on dimensionless IPR curves for several parameters. From this analysis, we 
notice that vertical permeability is on key driver as the dimensionless IPR curve changes dramatically with the increase of 
vertical connectivity. Other reservoir properties such as the net pay, the horizontal well length and the skin factor do 
influence the dimensionless IPR curve as well. 
 
Conclusions 
This study proposes a method to predict horizontal well deliverability, based on data from one-point test on a vertical well, 
using dimensionless IPR curve. As we focus on UK Southern North Sea (SNS) gas reservoirs, permeability anisotropy has 
been identified as a key productivity driver from vertical to horizontal well development. Therefore, we expand the 
dimensionless IPR curve method to account for vertical connectivity. 
We first developed dimensionless IPR curves with field specific data for three SNS gas fields. The synthetic IPRs 
predicted using this new method compared reasonably well with actual deliverability curves generated from back-pressure 
tests, with an average absolute error below 10%, and the AOFP forecasts were within 4% of the actual results. 
Then, a general dimensionless IPR curve was established, with rock and fluids parameters taken to reflect the SNS area 
characteristics. The synthetic IPRs predicted with this general method were checked against actual data, and although the 
accuracy slightly decreases with an average absolute error rising to 14%, it still remains within an acceptable range. 
Finally, the sensitivities analysis highlights the key impact of vertical permeability anisotropy on horizontal well 
prediction, among other variables. 
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Scope for further work 
A few points would be worth being reviewed into more details at a later stage. First, as the field data available in the SNS 
area was rather scarce for this study, it would be valuable to have additional information for further wells to be studied. The 
required configuration is to have at least one vertical well with its DST data and PVT analysis (although the fluid properties 
could be derived using Lee et al. (1966) correlation for gas viscosity and Smith et al. (1962) correlation for gas deviation fac-
tor). And a producing horizontal well with productivity assessed via conventional deliverability testing. 
Another aspect that could be investigated is the interactions and interferences between the parameters used for the 
horizontal IPR model. A full or fractional factorial design process would be able to yield these interactions, although it 
requires a large number of runs. Another option could be to use the Plackett-Burman (1946) experimental design to limit the 
number of required runs. 
Finally, as this study focuses on current well deliverability, it would be worthwhile reviewing the time impact on 
productivity prediction as the field is in depletion. This can be done with either a dimensionless IPR method, introducing 
current and future 𝑞𝑚𝑎𝑥  values, or with a simple reservoir grid model, using the Schlumberger Eclipse modelling software for 
instance. 
 
Nomenclature 
 
a Half the main axis of drainage ellipse Ft 
A Houpert equation coefficient Psia
2
/(cP.Mscf/d) 
B Houpert equation coefficient Psia
2
/(cP.Mscf/d) 
C Constant of stabilised deliverability equation (ft
3
.d
-1
)/(psia
2
.cp
-1
) 
cT Total system compressibility Psi
-1
 
D Non-Darcy flow coefficient d/Mscf 
h Net formation thickness Ft 
Iani Anisotropy index No unit 
J Productivity index Mscf/(psi.d) 
k Permeability mD 
L Horizontal  well length Ft 
m(p) Real gas pseudo-pressure Psia
2
.cP
-1
 
n Laminar-turbulent ratio coefficient No unit 
pr Average reservoir pressure Psia 
pwf Flowing bottom-hole pressure Psia 
Δp Pressure drop Psi 
q Gas rate Mscf.d
-1
 
qmax Gas rate for bottom-hole pressure = 14.7 psia (AOFP) Mscf.d
-1
 
re External drainage radius Ft 
rw Wellbore radius Ft 
s Skin factor No unit 
T Reservoir temperature °F 
Xe Radius of external boundary Ft 
Xf Radius of uniform flux fracture Ft 
Z Gas deviation factor No unit 
𝜙 Porosity Fraction 
𝜇 Gas viscosity cP 
 
Subscripts  
 
c Current 
D Dimensionless 
eq Equivalent 
i Initial 
f Final 
g Gas 
H Horizontal 
t Total 
o Oil 
V Vertical 
wf Well flowing 
x, y, z Cartesian coordinates  
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SI Metric Conversion Factors 
Bbl  x 1.589 874 E-01  = m3 
cP  x 1.0*  E-03  = Pa.s 
ft  x 3.048*  E-01  = m 
ft3  x 2.831 685 E-02  = m3 
˚F  x (˚F – 32)/1.8   E+00      = ˚C 
mD  x 9,869 233 E-10  = m2 
psia  x 6.894 757 E+00  = kPa 
 
*Conversion factor is exact. 
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Appendix A: Critical Literature Review 
 
 
  
SPE paper n° Year Title Authors Contribution
SPE 13231 1984
A Simplified Procedure for Gas 
Deliverability Calculations Using 
Dimensionless IPR Curves
S. Mishra, B.H. 
Caudle
Mishra and Caudle developed dimensionless IPR curves for 
unfractured gas reservoirs and under non-Darcy flow 
conditions. This method removes the need for multi-point or 
isochronal tests.
SPE 17062 1987
Dimensionless IPR Curves for 
Predicting Gas Well Performance
R.W. Chase
Comparative analysis of single-point test and isochronal 
methods to predics gas well current and future deliverability.
SPE 
Formation 
Evaluation
1991
Comprehensive Simulation of 
Horizontal Well Performance
M.J. Economides, 
et al
Paper presents a comprehensive study of how to model a 
horizontal well within an anisotropic medium
SPE 26915 1993
Prediction of Gas Well Deliverability 
From Just a Pressure Buildup or 
Drawdown Test
R.W. Chase, H. 
Alkandari
First paper to describ method to predict hydraulically 
fractured gas well deliverability using Xe/Xf ratio. Can be 
applied to unfractured wells by converting the skin factor.
SPE 28899 1994
Use of Well Test Analytical 
Solutions for Production Prediction
M. Bourgeois, P. 
Couillens
First analytical method to predict well performance based on 
well test analysis. Does require neither production history nor 
numerical simulation.
SPE 30745 1995
Heterogeneity, Geostatistics, 
Horizontal Well, and Blackjak Poker
D. Beliveau
The first paper to study horizontal vs. vertical wells 
production improvement over a large sample of wells (c. 
1,000). It also introduced the Productivity Improvement 
Factor ratio, and studied the effect of reservoir geometry and 
skin factor on incremental production from horizontal wells.
SPE 37068 1996
The Skin due to Slant of Deviated 
Wells in Permeability Anisotropic 
Reservoirs
E.J. Rogers, and 
M.J. Economides
First study to introduce a comprehensive model to derive the 
skin due to the well deviation, and use it to predict slanted 
well performance.
SPE 68943 2001
How Good Are Your Horizontal 
Wells?
M.M. Levitan, et 
al
Paper introduces new dimensionless parameter to present 
well productivity: the well productivity coefficient.
SPE 72361 2001
Dimensionless Inflow-Performance-
Relationship Curve for Unfractured 
Horizontal Gas Wells
T. Billiter, et al
First paper to study dimensionless IPR curve method for 
unfractured horizontal gas well.
SPE 75719 2002
Comparison of Dimensionless Inflow 
Performance Relationships for Gas 
Wells
M.D. Trick, et al
First paper to becnhmark three different dimensionless IPR 
methods against LIT deliverability equation.
SPE 91101 2004
Predicting Horizontal Gas Well 
Deliverability Using Dimensionless 
IPR
R.W. Chase, C.R. 
Steffy
Adaptation of the Chase and Alkandari IPR model to predict 
horizontal well productivity, using Xe/Xf ratio. Then check 
results vs. isochronal test and production history.
SPE 111380 2008
A General Approach for 
Deliverability Calculations of Gas 
Wells
H. Al-Attar, S. Al-
Zuhair
New, simplified method using dimensionless IPR to predict 
gas wells deliverability, using pressure^2 instead of pseudo 
pressures. Limitations: only accurate with reservoir which 
average pressure is below 2,000 psia.
SPE 164602 2013
On the Acuracy of Dimensioless 
IPR for Gas Wells
A. Kalantarias, I. 
Farhadi, et al
This paper shows the accuracy limitations of both Mishra and 
Caudle (1984), and Al-Attar and Al-Zuhair (2008) 
dimensionless IPR correlations
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SPE 13231 (1984) 
A Simplified Procedure for Gas Deliverability Calculations Using Dimensionless IPR Curves 
 
Authors: S. Mishra and B.H. Caudle 
 
Contribution to the understanding of the project: 
First paper to establish method for predicting gas well deliverability using dimensionless IPR. 
 
Objective of the paper:  
To remove the requirement of multi-pressure, isochronal or modified isochronal test for gas well 
production forecasting. Mishra and Caudle established a method for predicting gas well deliverability 
using dimensionless IPR, adapting the method Vogel used for gas-drive oil well productivity forecast 
(JPT Jan. 1968).  
 
Methodology used:  
- Analytical model to find a correlation between of Q/Qmax and m(Pwf)/m(Pr) combining the 
drawdown equation with the material balance.  
- Generate a range of Q/Qmax and m(Pwf)/m(Pr) values while changing rock and fluid properties, 
plotting these results and derive an empirical IPR equation to estimate the current deliverability 
using a best fit-curve. 
- Same process to derive an empirical IPR equation for the future deliverability. 
- Sensitivities runs to see each parameters impact  
- Validation using field data with known AOFP from backpressure test.  
 
Conclusion reached: 
Unfractured gas well deliverability can be predicted using empirical dimensionless IPR equation, which 
only requires data that can be obtained from a build-up test. 
The results were acceptable, although the predicted values are mostly lower than the actual ones. 
 
Comments: 
Two main limitations; the first comes from the assumption of PSS conditions while the data mostly 
comes from transient flow test. Besides, these IPR equations being empirical, there is a need to adjust for 
new field data with different rock and fluids properties. 
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SPE 17062 (1987) 
Dimensionless IPR Curves for Predicting Gas Well performance 
 
Authors: R.W. Chase 
 
Contribution to the understanding of the project: 
First study to expand Mishra and Caudle paper (SPE 13231) to fractured gas wells, and unfractured gas 
wells with a mechanical skin. 
 
Objective of the paper:  
To expand the dimensionless IPR curve to a wider range of cases (e.g. fractured gas wells), and improve 
the prediction accuracy taking the skin factor into account. Finally, to corroborate these results by 
checking them against values yielded from a modified isochronal test. 
 
Methodology used:  
- Chase worked to better account for the skin factor in the dimensionless IPR equations, using the 
model described in the Chase and Williams SPE 13936 paper. 
- Dimensionless IPR curves were built from five hundred sets of values of Q/Qmax and m(Pwf)/m(Pr). 
- From the curves that were generated, Chase was then able to apply a least-squares fit curve to 
derive new equations. 
 
Conclusion reached: 
This study provides two new expressions of dimensionless IPR curves to predict gas wells current and 
future deliverability. The paper also gives an example where the simulated results are checked against a 
modified isochronal test, and show a reasonable accuracy. However, it is observed that the values 
simulated from the dimensionless curve tend to underestimate a little the wells performance. 
 
Comments: 
Although this study expands the initial work from Mishra and Caudle, the results are not suitable to 
predict horizontal well performances. Also, one cause of the tendency for the simulated values to be 
underestimated may be the result of using pressure-squared values instead of pseudo-pressures, which can 
only be assumed to be a valid approximation for reservoirs above 2,100 psia. 
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SPE Formation Evaluation (December 1991) 
Comprehensive Simulation of Horizontal Well Performance 
 
Authors: M.J. Economides, F.X. Deimbacher, C.W. Brand and Z.E. Heinemann 
 
Contribution to the understanding of the project: 
First paper to detail a comprehensive method to predict horizontal well performance within an anisotropic 
medium. 
 
Objective of the paper:  
To develop a numerical simulation of horizontal well in an anisotropic reservoir. 
 
Methodology used:  
- Analytical treatment: derived the Joshi IPR equation for horizontal oil well, including Peaceman’s 
transformation to introduce the equivalent wellbore radius and net reservoir thickness. 
- Grid simulation of horizontal well within anisotropic and naturally fractured reservoir. 
 
Conclusion reached: 
Good match between analytical prediction and grid simulation of horizontal well performance, which 
validates the analytical treatment used to describe horizontal well productivity. 
 
Comments: 
This is the first study to deal with horizontal well productivity taking into account the reservoir 
permeability anisotropy. However, these examples solely focus on oil wells, and therefore need to be 
adapted for horizontal gas wells.  
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SPE 26915 (1993) 
Prediction of Gas Well Deliverability From Just a Pressure Build-up or Drawdown Test 
 
Authors: R.W. Chase and H. Alkandari 
 
Contribution to the understanding of the project: 
Introduction of a new method to forecast gas well productivity using dimensionless IPR curves.  
 
Objective of the paper:  
To predict gas well deliverability using the Xe/Xf ratio (Xe = radius of external boundary, Xf = radius of 
uniform flow fracture) or the skin factor obtained from a pressure build-up or drawdown test. 
 
Methodology used:  
- Chase and Alkandari used the quadratic Houpert gas flow equation, introducing a new expression 
for the wellbore radius: 𝑟𝑤 = 0.37 𝑋𝑓 𝑒
𝑆 
- They generated dimensionless rates and pseudo-pressures groups using variable combinations of 
rock and fluid properties 
- They then applied statistical analysis to obtain a best fit curve, and build a correlation model. 
 
Conclusion reached: 
This method allowed fractured gas well deliverability prediction, using data from a build-up or drawdown 
only. The results accuracy is acceptable, with an average absolute error of about 6%. 
 
Comments: 
This method for fractured vertical wells could be modified to provide horizontal well productivity 
predictions, with the horizontal well being described as an infinite conductivity fracture which radius 
would be the wellbore radius. 
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SPE 28899 (1994) 
Use of Well Test Analytical Solutions for Production Prediction 
Authors: M. Bourgeois, Ph. Couillens 
 
Contribution to the understanding of the project: 
First analytical method to forecast production, based on well test analysis, to multiple wells in the 
reservoir. 
 
Objective of the paper:  
Predict production without using either decline curve analysis (with little theoretical justification) or 
running full-field numerical simulator (which need complex algorithms and processing power). 
The authors present an intermediate method, which is an analytical analysis of well test results. 
 
Methodology used:  
-  Use the Laplace transform theory, as described by Everdingen and Hurst, to transpose kernel 
functions used for well testing into a tool to predict well flow rate.  
- Then, they are generalised for multiple well inference. 
 
Conclusion reached: 
There is a strong need for production prediction which includes more reservoir information than empirical 
decline-curve analysis, but which is easier to use than a gridded reservoir simulator. 
The following improvements have been brought to analytical production prediction: 
1. Generalization of Everdingen and Hurst’s flow-rate kernel function to distant wells. 
2. Formalization of the problem to n wells producing simultaneously, with mixed pressure and flow-rate 
constraints. 
3. Solution of the multi-well problem with no assumption on the respective drainage area of any well but 
only on the global reservoir size. 
4. Computation of Productivity Indices and cumulative production, and of the effect of changes in skin or 
down-hole pressure. 
 
Comments: 
No assumption on the individual drainage radius of any well has to be made, since the interference is 
quantified exactly. 
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SPE 30745 (1995) 
Heterogeneity, Geostatistics, Horizontal Well, and Blackjack Poker 
 
Authors: D. Beliveau 
 
Contribution to the understanding of the project: 
First paper to run a large-scale study of horizontal well productivity.  
 
Objective of the paper:  
To benchmark horizontal well productivity for a large sample of fields with over 1,000 wells. Then, to 
compare forecasted and actual well performances. 
 
Methodology used:  
- The Production Improvement Factor (PIF) was calculated for all the horizontal wells 
- The results were broken down depending on reservoir category (e.g. fractured reservoir, heavy oil) 
 
Conclusion reached: 
The PIF compiled from this study reveals an approximate log-normal distribution with a mode (or most 
likely) of 2, a median of 3 and an average or mean PIF of 4. Some higher PIF can be encountered in 
heavy oil and/or heavily fractured reservoirs. Although the predictive model seems quite accurate when 
averaged over several wells, when selecting any specific horizontal well, the expected error is superior to 
50%. 
 
Comments: 
This large scale study highlights the paramount importance  of reservoir geology when it comes to 
compare horizontal and vertical wells performance. Also, as the PIF tends to follow a log-normal 
distribution, the mean PIF of horizontal wells targeting the same reservoir increases as more wells are 
planned. 
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SPE 37068 (1996) 
The Skin due to Slant of Deviated Wells in Permeability-Anisotropic Reservoirs 
 
Authors: E.J. Rogers, M.J. Economides 
 
Contribution to the understanding of the project: 
First study to introduce a comprehensive model to derive the skin due to the well deviation, and use it to 
predict slanted well performance. 
 
Objective of the paper:  
The authors propose derive a skin model in order to calculate the skin factor resulting from drilling 
deviated wells, accounting for the reservoir permeability anisotropy. Furthermore, this skin model could 
be used to convert the inflow relationship from a vertical well to predict a horizontal well deliverability. 
 
Methodology used:  
- Rogers and Economides use the following equation to derive the skin (assuming the mechanical 
skin is equal to 0, thus only the skin due to slant is apparent):  
𝐽𝑑𝑒𝑣𝑖𝑎𝑡𝑒𝑑
𝐽𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙
=  
ln(𝑟𝑒 𝑟𝑤)⁄
ln(𝑟𝑒 𝑟𝑤)⁄ + 𝑠𝜃
 
- Then, the skin factor is plotted as a function of the well deviation angle. 
- Finally, an equation is derived to calculate the skin due to slant, as a function of the well 
deviation, the dimensionless reservoir thickness and the permeability anisotropy: 
𝐹𝑜𝑟 𝐼𝑎𝑛𝑖 ≥ 1; 𝑠𝜃 =  −2.48 
sin 𝑠𝜃
5.87 ℎ𝐷
0.152
𝐼𝑎𝑛𝑖
0.964  
Conclusion reached: 
The required parameters to derive this skin factor are the anisotropy index, the dimensionless reservoir 
thickness and the well deviation angle. Finally, it was found that in certain laminated reservoirs, highly 
deviated wells might provide better performances than horizontal wells, as they were able to intersect 
several layers, thus less impacted by the poor vertical connectivity.  
 
Comments: 
This study provides a quick and simple model to predict a deviated or even horizontal well deliverability, 
introducing a notional negative skin factor due to the slant. Although taking the permeability anisotropy 
into account does allow for more accurate predictions, assuming the mechanical skin to be null brings 
some uncertainty in the associated results.  
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SPE 68943 (2001) 
How Good Are Your Horizontal Wells? 
 
Authors: M.M. Levitan, P.L. Clay, and J.M. Gilchrist 
 
Contribution to the understanding of the project: 
Paper to expand the work of Beliveau (1995) on horizontal well productivity benchmark . 
 
Objective of the paper:  
Benchmark performances of existing horizontal wells, and then develop simple empirical correlation to 
predict deliverability for future wells. 
 
Methodology used: 
- Development of the well productivity coefficient, 𝐶𝑤𝑝,  a dimensionless expression of the 
production index, removing the influence of reservoir and fluids properties: 𝐶𝑤𝑝 = 141.2  
𝜇𝐵
𝑘𝐿
𝑃𝐼 
- Studied 𝐶𝑤𝑝 for 93 wells, and plotted these as a probability distribution function yielded a 
lognormal distribution. 
- Calculated the PIF and normalized 𝑃𝐼𝐹 =  𝑃𝐼𝐹 
ℎ
𝐿
 to remove influence of well length 
 
Conclusion reached: 
Horizontal well benchmark with wide range of reservoir and fluid properties, and completions as well. 
Therefore, assessment of well productivity data in the form of dimensionless parameters. 
Finally, from these data, some simple correlations were derived to predict well PI and PIF for horizontal 
wells. 
 
Comments: 
This paper provides valuable insight on horizontal well performance benchmarking. Its results 
corroborate the findings in the study done by Beliveau (1995). It also introduces a dimensionless PI 
expression and a normalized PIF. However, the permeability anisotropy is not taken into account among 
the parameters that may impact the productivity improvement. 
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SPE 72361 (2001) 
Dimensionless Inflow-Performance-Relationship Curve for Unfractured Horizontal Gas Wells 
Authors: T. Billiter, J. Lee, and R.W. Chase 
 
Contribution to the understanding of the project: 
First paper to present a dimensionless IPR solution for unfractured horizontal gas wells. 
 
Objective of the paper:  
Establish a dimensionless IPR curve able to predict the deliverability of a horizontal gas well using data 
from a singles-point test. 
 
Methodology used:  
- They modified the Babu and Odeh horizontal oil well pseudo-steady state flow, adding a 
turbulence factor to account for non-Darcy flow effects and using pseudo-pressures. 
- Rock and fluid properties were generated using uniform and triangular probability density 
functions. 
- The authors had to use a four-parameter fitting equation in order to get a good match. 
 
Conclusion reached: 
The shape of dimensionless IPR curve for a horizontal gas well is independent of skin, wellbore radius, 
reservoir temperature, vertical and horizontal permeability anisotropy and gas gravity. The correlation 
derived in this study yielded results with an absolute error of 1%. 
 
Comments: 
The model used in this study does not account for many reservoir and fluid parameters; therefore, the 
correlation derived from the analytical seems to yield incoherent results. Besides, the permeability 
anisotropy has not been considered in this paper. Finally, in SPE paper 75719, Trick et al ran a 
comparison between several dimensionless IPR methods and clearly demonstrated that the Billiter and 
Lee method was not recommended. 
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SPE 75719 (2002) 
Comparison of Dimensionless Inflow Performance Relationships for Gas Wells 
 
Authors: M.D. Trick, F.J. Palmai, and R.W. Chase 
 
Contribution to the understanding of the project: 
First paper to compare the accuracy of several dimensionless IPR methods. 
 
Objective of the paper: 
Review dimensionless IPR solutions developed by Mishra and Caudle (1984), Billiter and Lee(2000) and 
Chase and Alkandari (1993) and compare their predictions with actual results. 
 
Methodology used: 
Modified isochronal test data from 31 gas wells were reviewed to compare the results of these 
dimensionless IPRs methods: 
- LIT equation using pseudo-pressures from modified isochronal test 
- LIT equation with pseudo-pressure that was calculated using the Mishra and Caudle method 
-  Same with Billiter and Lee method 
- Same with Chase and Alkandari method 
- C coefficient of the Rawlins Schellhardt equation was calculated assuming the n exponent to be 
equal to 1 
 
Conclusion reached: 
About conventional deliverability prediction, it is recommended to use the LIT equation instead of the 
Rawlins Schellhardt one, especially for laminar flow conditions. Then, both Mishra and Caudle and 
Chase et al methods predicted flow rates that were very close to those forecasted with the LIT equation. 
Finally, the Billiter and Lee method did underpredict the flow rate substantially, and is therefore not 
recommended. 
 
Comments: 
This study validates the dimensionless IPR method with Mishra and Caudle and Chase et al 
dimensionless IPR curves yielding accurate results. It is worthwhile mentioning that actual deliverability 
calculation with the Rawlins Schellhardt equations may not be optimal, and LIT equation should be 
preferred when possible.  
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SPE 91101 (2004) 
Predicting Horizontal Gas Well Deliverability Using Dimensionless IPR Curves 
 
Authors: R.W. Chase and C.S. Steffy 
 
Contribution to the understanding of the project: 
First paper to present dimensionless IPR for horizontal gas well deliverability prediction. 
 
Objective of the paper:  
To develop a dimensionless IPR model to predict horizontal gas well productivity based on the previous 
work of Chase and Alkandari (SPE 26915, 1993). T 
 
Methodology used:  
- First step was to find a new relationship between the eternal drainage radius to fracture half-length 
ratio (Xe Xf⁄ ) defined by Chase and Alkandari, and the horizontal well drainage equation 
developed by Joshi (Joshi, 1988). Chase and Steffy derived a new equation to link this ratio to 
horizontal well geometry. 
- Then twenty wells were simulated with semi-randomly selected parameters, using Dwight Energy 
Data’s Systems Analysis Model (SAM). 
- IPR generated from a modified isochronal test was compared to the dimensionless one 
 
Conclusion reached: 
The mean discrepancy between the simulated flow rates and the dimensionless IPR values stands at 11%. 
The average error for the predicted AOFs is 3%. Finally, an average error of 4% was found between the 
dimensionless IPR curve and the IPR curve obtained from the modified isochronal test.  
 
Comments: 
Although the discrepancies between the simulated IPR curves and the dimensionless IPR ones seem fairly 
low, it must be highlighted that only one well has been tested using a modified isochronal test. 
Besides, although the new relationship takes in account the well geometry for a horizontal well, is does 
not account for permeability anisotropy. 
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SPE 111380 (2008) 
A General Approach for Deliverability Calculations of Gas Wells 
 
Authors: H. Al-Attar, S. Al-Zuhair 
 
Contribution to the understanding of the project: 
This paper presents a simplified method for predicting gas well deliverability using dimensionless IPR. 
 
Objective of the paper:  
To provide an updated and simplified dimensionless IPR curve method to predict gas wells deliverability, 
without requiring any multi-pressure, isochronal or modified isochronal test. 
 
Methodology used:  
Al-Attar and Al-Zuhair used simple model to describe gas flow through the reservoir, which requires only 
the following parameters: reservoir pressure and temperature, average permeability (they assume the 
reservoir is totally homogeneous and isotropic), wellbore radius, drainage area, shape factor, average 
porosity, net reservoir thickness, skin factor and gas gravity. They then generated a range of values, while 
changing rock and fluid properties. Finally plotting these results, they found a best fit-curve using the 
following polynomial regression. 
 
Conclusion reached: 
This paper extends the work of Mishra and Caudle by taking additional parameters into account, such as 
skin, porosity and net pay. The result is a more accurate dimensionless IPR model, especially in regard 
with AOFP prediction from a single-point test. 
 
Comments: 
Main issue here is, as with methods developed by Mishra and Caudle, and then Chase, the analytical IPR 
model used to generate the dimensionless rates and pressure drawdown does not account for permeability 
anisotropy, which is a key factor when predicting a horizontal well deliverability. Besides, taking a wide 
range of values for each property, they end up with a rather poor correlation (R2 = 0.984) due to the large 
dispersion of simulated results. 
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SPE 164602 (2013) 
On the Accuracy of Dimensionless Inflow Performance Relationships for Gas Wells 
 
Authors: A. Kalantarias, I. Farhadi and H.R. Nasriani 
 
Contribution to the understanding of the project: 
This paper discusses the accuracy of dimensionless IPR curves developed by Mishra and Caudle (1984) 
and Al-Attar and Al-Zuhair (2009), based on backpressure test results. 
 
Objective of the paper:  
To address the accuracy and limitations of dimensionless IPR curves methods based on back-pressure 
field test data from 53 wells.  
 
Methodology used:  
- Multi-point back-pressure tests and forecasts from dimensionless IPR curves (yielded from on-
point tests) were compared for 53 gas wells, with a wide range of reservoir pressure (from 2330 to 
8507 psia) and AOF (from 8 to 1412 MMscf/d). 
- First, pseudo-pressures were calculated (instead of using pressure-squared values). 
- Then, multi-point deliverability was calculated, and the AOF derived from the previous results. 
- Finally, deliverability curves and AOF values were compared to simulated ones using 
dimensionless IPR methods, and errors were quantified. 
 
Conclusion reached: 
Both Mishra and Caudle, and Al-Attar and Al-Zuhair methods provide accurate AOF values for 
dimensionless pressure (ratio of flowing bottom-hole pressure to average reservoir pressure) below 0.9. 
However, this study highlights large overestimation in calculated AOFs from both methods when 
dimensionless pressure is more than 0.9. As of AOFs values, both methods lose their accuracy when 
theoretical AOFs exceed 200 MMscf/d.  
The mean absolute error between AOFs from back-pressure test and Mishra and Caudle, and Al-Attar and 
Al-Zuhair methods were 11.8% and 11.9% respectively. 
 
Comments: 
This study provides valuable insight regarding the validity of dimensionless IPR methods, and highlights 
the poor accuracy of these methods for high rates and/or low drawdown pressure. 
 30 
Appendix B: Viscosity and gas deviation factor correlations 
 
Gas viscosity (𝜇) and deviation factor (Z) are two parameters required to define the real gas pseudo-
pressure, following the equation B-1 first introduced by Al-Hussainy et al. (1966) :  
𝑚(𝑃) = 2 ∫
𝑃
𝜇(𝑃)𝑍(𝑃)
 𝑑𝑃
𝑝
0
 B-1 
As these parameters vary with pressure, we want to find two correlations X and Y such as: 
𝜇 = 𝑋(𝑃) B-2 
𝑍 = 𝑌(𝑃) B-3 
The only data available for our three fields are the gas composition with each component’s molar fraction 
(Zi), from the PVT reports. Then, we used the Schlumberger PVTi software to simulate gas composition 
and properties (including viscosity and gas deviation factor) for fixed pressure and temperature 
conditions. We then iterate this process changing the pressure, which allows us to plot the viscosity and 
gas deviation factor against the pressure [Figures (B-1) to (B-3)]. Finally, we use a polynomial regression 
in order to get the correlations given by equations B-4 to B-8: 
Viscosity correlation, Field A: 
𝜇(𝑃) =  −5𝐸−14(𝑃3) + 6𝐸−10(𝑃2) + 2𝐸−7(𝑃) + 0.0139 B-3 
Deviation factor correlation, Field A: 
𝑍(𝑃) =  −9𝐸−13(𝑃3) + 2𝐸−8(𝑃2) − 7𝐸−5(𝑃) + 1.001 B-4 
Viscosity correlation, Field B: 
𝜇(𝑃) =  −3𝐸−14(𝑃3) + 5𝐸−10(𝑃2) + 3𝐸−7(𝑃) + 0.0153 B-5 
Deviation factor correlation, Field B: 
𝑍(𝑃) =  −8𝐸−13(𝑃3) + 2𝐸−8(𝑃2) − 4𝐸−5(𝑃) + 0.9992 B-6 
Viscosity correlation, Field C: 
𝜇(𝑃) =  −7𝐸−14(𝑃3) + 9𝐸−10(𝑃2) + 1𝐸−7(𝑃) + 0.0132 B-7 
Deviation factor correlation, Field C: 
𝑍(𝑃) =  −1𝐸−12(𝑃3) + 2𝐸−8(𝑃2) − 9𝐸−5(𝑃) + 1.0013 B-8 
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Figure B-1: Viscosity and gas deviation factor for Field A 
 
 
Figure B-2: Viscosity and gas deviation factor for Field B 
 
 
Figure B-3: Viscosity and gas deviation factor for Field C 
 
 
 
 
Field Code Changed
Field Code Changed
Field Code Changed
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As can be seen on Figure (B-4), and on equations (B-4) to (B-8), viscosity and gas deviation correlations 
are very close to each other. Therefore, we use the correlation derived from Field B for the dimensionless 
IPR curve development, as it covers a wider range of pressure. 
 
 
Figure B-4: Summary of viscosity and gas deviation factor correlations 
 
 
 
 
 
 
 
  
Field Code Changed
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Appendix C: Field A summary 
 
Field A consists in two Carboniferous reservoirs. This field was discovered in the 1980’s and fully 
appraised and brought on-stream during the 1990’s. Most of the data available for this study was either 
‘look-back’ analyses or potential infill drilling studies, and therefore confidential material. Besides, it was 
made possible to recover a scan of a Pressure Transient Analysis done on the exploration well in 1987, 
from which most of the parameters have been sourced for the dimensionless IPR method. 
 
The upper reservoir section displays good reservoir properties and a few wells targeting this interval 
already showed good deliverability potential.  
 
The lower reservoir encompasses two sandstones intervals, both gas bearing and of moderate porosity 
(8% to 10%). The first is 120 feet thick with a very low permeability (less than 1 mD), the second one is 
only 12 feet thick but much show much better connectivity with an average permeability of 25 mD. 
. 
Both the vertical well for which we have DST data and the development horizontal well have been 
producing from the upper section mostly. Therefore, for sake of clarity, and since we cannot quantify the 
contribution of the lower layer into the total well production, we will assume the lower zone production is 
negligible, hence only the top interval is producing. 
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Appendix D: Field B summary 
 
Field B comprises of one vertical exploration well and was later brought on stream with a horizontal well. 
The parameters used to derive the specific dimensionless IPR curve for Field B are derived from Pressure 
Transient Analysis.  
 
Among the results, we notice a very high WGR of 200 to 400 bbl/MMscf whereas typical values in the 
Southern North Sea area are about 1 to 2 bb/MMscf. Three main reasons can explain these unusual 
values, first the well has been completed very close to the Gas-Water contact, allowing an early water 
break-through. Besides, the cementation has been proved to be sub-optimal, allowing for water to flow 
through the annulus between the casing and the production liner. Finally, an incorrect perforating gun 
correlation may have an impact as well. However this issue would mostly impact the outflow 
performance and not the IPR. 
The relatively small gas flow-rate (from 5 to 10 MMscf/d) can therefore be explained by these liquid-
loading issues. The DST analysis was run using the existing data and assuming a constant WGR. Then, 
gas and water rates were used for a multiphase, non-linear analysis. Well test analysis model compared to 
actual data is displayed on Figures (E-1) and (E-2). 
  
 
Figure E-1: Pressure and Pressure derivatives curves against Time 
Formatted: English (U.K.)
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Figure E-2: History plot with BHP and Production gas rate against Time 
The permeability is derived from the relative permeability curves which have been estimated. The relative 
permeability to gas with a connate water saturation of 55% is Krg(Swi) = 0.071. With an absolute rock 
permeability of 82.2 mD, this gives us an effective permeability to gas of 5.83 mD 
 
These models correspond to a good productivity gas zone, on the top of a high permeability water zone, 
both producing in the same time, the gas production being reduced by the water part. To extract more 
from these data, it would require a more accurate relative permeability curves (from core analysis) and 
more accurate PVT information. 
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Appendix E: Field C summary 
 
Field C is still in development. It consists in one vertical exploration well, with one development 
horizontal well drilled already and another one currently planned. Most of the parameters are derived 
from well test analysis ran on the exploration well DST data and from the Field Development Plan, both 
internal and confidential material. 
 
Field C is a dip-closed structure with potential faults and fractures. The reservoir consists of Permian 
sandstones with a porosity ranging from 10% to 20%. The preliminary results from the horizontal well 
show a homogeneous reservoir, with properties very close to the ones yielded from the exploration well 
DST analysis. 
 
The initial water saturation is high compared to average values in the area (above 35% in the pay zone), 
which can be explained by the sand containing a relatively high quantity of silt that increases the bound 
water present in the reservoir. One consequence is the uncertainty around the relative permeability to gas 
determination. 
 
 
